Abstract-A planar monopole loaded with composite right/left-handed transmission line (CRLH-TL) for broadband LTE mobile phone is presented. The CRLH-TL with a propagation constant of zero is added to widen the input impedance bandwidth of the antenna. The proposed antenna covers the LTE700/2500/GSM850/900/1800/1900/UMTS2100 and WLAN2400 bands. Impedance bandwidths of VSWR < 2.5 (S 11 < −7 dB) ranging from 675 to 1010 MHz and 1690 to 2550 MHz are obtained. The size of the monopole is 60×16×1 mm 3 which is smaller than most of the LTE antennas. Detailed design considerations of the monopole are described. A prototype is fabricated and tested. Both simulated and experimental results are discussed.
INTRODUCTION
Antennas for mobile phones are required to be more compact and support wider band because of the explosive development of wireless communications systems. Long term evolution (LTE) systems can be used in 4G wireless wide area network (WWAN) systems due to its significantly high data rate of at least 100 Mb/s in the downlink and 50 Mb/s in the uplink. Research and development in multiband LTE internal antennas have significantly increased recently, and many approaches are available [1] [2] [3] [4] [5] . One of the earliest forms of LTE antennas is coupling-fed antenna which can provide wide impedance bandwidth [3, 4] . The WWAN/LTE antenna in [4] uses two separated shorted strips and a T-shape monopole encircled as a coupling feed line with a volume of 55 × 10 × 8 mm 3 . However, the size is too large to be practical, which is a common problem of coupling feed antenna. Besides, the feed line usually brings in undesired radiation. In some reports [5, 6] , lumped elements loaded matching circuits are used to widen the operating bandwidth. Additional losses are usually inevitable in antenna with lumped elements which may deteriorate the antenna efficiency. Parasitic element and meandered structures are also employed to design wide-band and miniaturized antennas by introducing new resonant modes [7, 8] . Monopole reported in [7] uses a parasitic element, meandered strips, added branched structures and a lumped component. But too many branches and meandered parts will always end up with extra coupling and worse patterns.
In the last decade, composite right and left handed transmission line (CRLH-TL) which develops from left-handed materials (LHMs) has been applied in some microwave circuits and antenna [8] [9] [10] [11] [12] . Left-handed materials possess unique electromagnetic (EM) properties such as anti-parallel phase, group velocities, and zero propagation constant, with which abnormal radiation, size reduction and wideband antenna can be realized. Transmission line with zero propagation constant has a propagation constant of zero with non-zero group velocity at the zeroth-order resonance. As presented in [9] , the loop antenna array which adopts CRLH-TL to achieve good matching shows enhanced gain and efficiency exceeding 85% for covering bands.
In this paper, a novel wideband CRLH-TL loaded monopole antenna for LTE mobile phones is achieved within the volume of 60×16×1 mm 3 . A composite right-and left-handed (CRLH) transmission line (TL) is applied in the antenna to achieve wideband. Besides, the arms of monopole antenna are bent to reduce the size further. The CRLH transmission line helps to improve the impedance matching greatly, making the antenna cover LTE700/2300/GSM850/900/1800/1900/UMTS2100 and WLAN2400 bands. The proposed CRLH transmission line is realized with periodically loaded parallel-plate lines so that its bi-layer structure is more compact than plane structures. The proposed antenna has a simpler structure and smaller size than the antennas in the latest published papers [13] [14] [15] [16] . The dimension and performance of the designed antenna and LTE antennas designed lately are given in Table 1 
ANTENNA THEORY
In order to illuminate the unusual characteristics of a CRLH-TL resonator, an equivalent circuit with equivalent capacitance and inductance is usually used. The corresponding equivalent circuit model of the CRLH-TL is given in Figure 1 , which consists of series inductance L R , shunt capacitance C R , shunt inductance L L , and series capacitance C L . The series and parallel resonant frequency are given by
Based on the theory of transmission line, the relationship between the length of TL and frequency can be expressed as:
where m and l are the resonance mode and total physical length of the resonator, respectively. The values of the inductance and capacitance can be estimated from a full-wave parameter extracting technique. At this time, the resonance frequency of the TL can be expressed by Equation (3). Then, the quality factor is obtained
where G is the shunt conductance of the CRLH-TL. The relative bandwidth can be derived by Equation (5) . According to (6) , the bandwidth in the case of the terminal open is mainly decided by the shunt inductance and shunt capacitance and not directly affected by the physical dimensions of 
CRLH-TL.
In case of an open ended CRLH-TL resonator, the zeroth-order resonance (m = 0), which is unique property of CRLH-TL, is derived. When m = 0, an infinite wavelength is supported. Thus, the resonance condition is independent of the size of CRLH-TL, which makes it possible to design a compact resonator for miniaturization. According to (6), we can introduce a large L L and a small C R to extend the bandwidth. There are three unit cells in the periodically parallel lines for the requirement of miniaturization.
ANTENNA DESIGN
Top and bottom views of the designed wideband CRLH monopole antenna are shown in Figures 2(a) and (b), respectively. The antenna is printed on both sides of a substrate with a dielectric of 2.65 and volume of 100 × 60 × 1 mm 3 . The CRLH monopole antenna is mounted on the top of the substrate and occupies a volume of only 60 × 16 × 1 mm 3 . The ground plane (GND) with a size of 60 × 78 mm 2 is on the bottom of the substrate. The antenna should be 6 mm away from the ground plane. Point A is the feeding point which is connected to 50-Ohm coaxial line. Optimized dimensions of the proposed antenna are listed in Table 2 .
Compared with LTE antennas in the terminal devices in [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , the monopole which consists of two arms and loaded CRLH-TL has a relatively simple structure. The left arm is designed to resonate at around 800 MHz, so the electrical length of the antenna's left arm should be approximately a quarter of the wavelength at the lowest frequency, i.e., at 0.74 GHz which is about 90 mm. The right arm CRLH-TL is brought in to improve the impendence matching so that the antenna can cover the LTE2300/GSM1800/1900 and UMTS2100 bands. The CRLH-TL consists of two parallel conducting strips separated by gaps. The parallel strips are in different sides of the board, which can save a lot of space on the substrate. (Based on the CRLH-TL theory, we extend the bandwidth by adjusting the structure of CRLH-TL to introduce a large L L and small C R .) The final dimension of CRLH-TL is decided by simulation as d = 10 mm, g = 1.2 mm. The transmission line resonates at 1.8 GHz to 2.4 GHz, and the relative bandwidth reaches 28.6%. Figure 3 shows the impedance of the conventional monopole and monopole loaded with CRLH-TL. It is obvious that the curve of the input impedance of the CRLH-TL monopole antenna shrinks around the matching point (within the VSWR = 2.5), which means that the CRLH-TL helps to provides a much (a) (b) wider impedance bandwidth. The simulated surface current distributions on the designed monopole at 740, 1800, 2100 and 2450 MHz are given in Figure 4 . It can be used to illustrate the function of the antenna. At the lower 740 MHz in Figure 4 (a), strong currents distribute on the left arm, which indicates that the lower resonant mode covering LTE700/GSM850/900 is mainly contributed by the long coupling strip. In Figures 4(b) and (c) , similar current distributions are due to the two adjacent frequencies working in the same mode, and strong currents concentrate on the parallel line. Apparently, the currents of the transmission line remain almost in phase from 1800 MHz to 2100 MHz. This reveals that the parallel line can be used to improve current distribution and achieve a wide band. Similar current distributions are due to the two adjacent frequencies in the same mode. In Figure 4(d) , strong currents distribute on the right arm whose length is λ/4 at 2.45 GHz, which suggests that the resonant mode covering the WLAN 2.4 GHz band is provided mainly by the right arm.
SIMULATED AND EXPERIMENTAL RESULTS
In order to achieve the best performance, key parameters of parallel line and monopole are tuned. In Figure 5 , as d or g increases, the wide band provided by CRLH-TL becomes slightly narrower or remains unchanged. It is confirmed that the slight parameter changes have little influence on the equivalent inductance and capacitance of transmission line. Great influence is observed in different resonant modes in Figures 5(c) and (d) . The electrical length of the right arm can affect not only its resonant mode, but also the TL's resonant mode, and the dimension of left arm mainly controls the first resonance, which agrees with current distribution in Figure 4 . As shown in Figure 6 , the proposed CRLH-TL loaded antenna is fabricated and tested. Figure 7 shows the measured and simulated S 11 of the constructed prototype. The measured and simulated results show reasonable agreement except for slight discrepancies. The measured curve has narrower band, but it still covers the target frequency. It is noticed that the first band of the monopole from 675 MHz to 1010 MHz covers LTE700/GSM850/900 in the measured result. The second band is from 1.51 GHz to 2.55 GHz which can cover GSM/1800/1900/UMTS2100/LTE2500 and WLAN2400. Figure 8 shows the measured two-dimensional (2-D) radiation patterns at typical frequencies including 740 MHz, 1795 MHz, 2.1 GHz and 2.45 GHz in three principal planes. At 740 MHz, the omnidirectional radiation patterns are observed which looks like the radiation patterns of a dipole antenna. For higher frequencies at 1795, 2100 and 2450 MHz, the obtained radiation patterns are unsymmetrical just like those of many other reported terminal antennas in [3] and [4] . With the increase of frequency, the patterns in xy-plane are close to omnidirection though with some deterioration, due to the combined effect of the right arm and CRLH-TL structure. The patterns of the proposed antenna do not have multiple deep nulls and provide co-polarization and cross-polarization components, which guarantee the monopole to receive signals from all directions with both components. Figure 9 presents the gain and efficiency of the designed antenna. For frequencies over the LTE700/GSM850/900 bands, the measured antenna gain is from 1.57 to 2.08 dBi. Meanwhile, the gain of the GSM1800/1900/UMTS /LTE/2500 bands ranges from approximately 4.74 to 4.04 dBi. The measured antenna efficiency is 45.24% at 740 MHz and 48.43% at 900 MHz. Meanwhile, the efficiency is approximately 58.20% to 62.88% over the GSM1800/1900/UMTS/LTE2500 bands. The measured results show that the radiation efficiency is larger than 50% over the higher bands.
CONCLUSION
A wideband CRLH-TL loaded monopole for eight-band internal LTE antenna has been proposed in this paper. Meta-material is loaded in the terminal device antenna to obtain a large bandwidth. A novel wideband monopole antenna for LTE mobile phone is achieved within the volume of 60 × 16 × 1 mm 3 . The lower band (675 ∼ 1010 MHz) covers LTE700/GSM850/GSM900 bands, and the higher band (1690 ∼ 2550 MHz) is wide enough to cover GSM1800/1900/UMTS2100/LTE2500 and WLAN2400. From simulated and measured results, good radiation characteristics including S 11 , radiation patterns, antenna gain and efficiency over the eight operating bands are achieved. The results reveal that this design is an ideal wideband mobile antenna.
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